Voice Quality as a Predictor of Dysphagia by Griffin, Lindsay
James Madison University 
JMU Scholarly Commons 
Dissertations, 2010-2019 The Graduate School 
5-2-2019 
Voice Quality as a Predictor of Dysphagia 
Lindsay Griffin 
Follow this and additional works at: https://commons.lib.jmu.edu/diss201019 
 Part of the Speech Pathology and Audiology Commons 
Recommended Citation 
Griffin, Lindsay, "Voice Quality as a Predictor of Dysphagia" (2019). Dissertations, 2010-2019. 219. 
https://commons.lib.jmu.edu/diss201019/219 
This Dissertation is brought to you for free and open access by the The Graduate School at JMU Scholarly 
Commons. It has been accepted for inclusion in Dissertations, 2010-2019 by an authorized administrator of JMU 
Scholarly Commons. For more information, please contact dc_admin@jmu.edu. 
Voice Quality as a Predictor of Dysphagia 
Lindsay Griffin 
A dissertation submitted to the Graduate Faculty of 
JAMES MADISON UNIVERSITY
In  
Partial Fulfillment of the Requirements  
For the degree of  
Doctor of Philosophy 
Department of Communication Sciences & Disorders 
August 2019 
FACULTY COMMITTEE: 
Committee Chair:  Erin Kamarunas, Ph.D., CCC-SLP Cynthia 
O’Donoghue, Ph.D., CCC-SLP 
Christina Kuo, Ph.D. 
  ii 
Dedication 
This work is dedicated to Doris Murphy, who inspires grit and determination even 
after losing her battle in November 2018. We miss you, Nana. 
And to Elijah – this was always for you. 
  
  iii 
Acknowledgments 
 I would like to express my deepest appreciation to my committee chair, Dr. Erin 
Kamarunas, for her expertise and friendship throughout my doctoral journey. I also want 
to acknowledge my committee members, Dr. Cynthia O’Donoghue and Dr. Christina 
Kuo, for their guidance and insight on study design, analysis, and revisions.  
I also wish to thank Doreen Benson, Becky Helton, Anne Martin, and Julian 
White whose contributions in data collection and analysis were invaluable. Thank you to 
my fellow doctoral students for their friendship and support. My appreciation also goes to 
the individuals who volunteered their time to participate in these studies.  
Finally, I would like to thank my family, especially my extraordinary wife, 
Amanda, for their invaluable love and support throughout my doctoral program. This was 
a team effort, and it would not have been possible without all of you. 
  
  iv 
Table of Contents 
Dedication  .....................................................................................................................  ii 
Acknowledgements  .......................................................................................................  iii 
List of Tables  ................................................................................................................  vi 
List of Figures  ...............................................................................................................  vii 
Explanation of Format  ..................................................................................................  ix 
 
Part I: tDCS Article Manuscript  ...................................................................................  1 
Title Page  ................................................................................................................  1 
Abstract  ...................................................................................................................  2 
Keywords  ................................................................................................................  2 
Introduction  .............................................................................................................  4 
Purpose & Hypotheses  ............................................................................................  7 
Methods ...................................................................................................................  8 
Participants  ..................................................................................................  8 
Design  .........................................................................................................  9 
Procedures  ...................................................................................................  9 
Data Analysis  ..............................................................................................  13 
Power Analysis  ...........................................................................................  15 
Results  .....................................................................................................................  15 
Hemodynamic Response  .............................................................................  15 
Surface electromyography  ..........................................................................  16 
Discomfort Scale  .........................................................................................  16 
Discussion  ...............................................................................................................  16 
Timing of Cortical Modulation Effects  .......................................................  17 
Use of fNIRS  ...............................................................................................  18 
Role of Sham Stimulation  ...........................................................................  18 
Limitations & Future Directions  .............................................................................  19 
Conclusions  .............................................................................................................  20 
Tables & Figures  .....................................................................................................  21 
References  ...............................................................................................................  32 
 
 
Part II: Voice as a Predictor of Dysphagia Article Manuscript  ....................................  40 
Title Page  ................................................................................................................  40 
Abstract  ...................................................................................................................  41 
Keywords  ................................................................................................................  42 
Introduction  .............................................................................................................  43 
Purpose & Hypotheses  ............................................................................................  47 
  v 
Methods ...................................................................................................................  48 
Design & Participants  .................................................................................  48 
Procedures  ...................................................................................................  49 
Data Analysis  ..............................................................................................  51 
Statistical Analysis  ......................................................................................  57 
Results  .....................................................................................................................  58 
Voice Sample Characteristics  .....................................................................  58 
Swallowing Sample Characteristics  ............................................................  58 
Reliability  ....................................................................................................  58 
Acoustic and Perceptual Correlation  ..........................................................  59 
Baseline Voice Quality  ...............................................................................  60 
Voice Change After Swallowing  ................................................................  61 
Discussion  ...............................................................................................................  62 
Limitations & Future Directions  .............................................................................  65 
Conclusions  .............................................................................................................  66 
Tables & Figures  .....................................................................................................  67 
References  ...............................................................................................................  84 
  
  vi 
List of Tables 
Part I: tDCS Article Manuscript 
Table 1. tDCS and dysphagia RCTs study paradigms 
Table 2. Descriptive statistics for discomfort scores by tDCS amplitude 
 
Part II: Voice as a Predictor of Dysphagia Article Manuscript 
Table 1. Sensitivity and specificity of CSE 
Table 2. Patient characteristics  
Table 3. Proposed reorganization of Penetration-Aspiration Scale 
Table 4. Post-swallow voice sample characteristics 
Table 5. Swallow sample characteristics 
Table 6. Interrater reliability 
Table 7. Intrarater reliability 
Table 8. Pearson intercorrelations between acoustic and perceptual change scores – 
sustained vowel 
Table 9. Pearson intercorrelations between acoustic and perceptual change scores - 
sentence 
Table 10. Summary of multiple regression analysis – baseline dysphonia 
Table 11. Summary of multiple regression analysis – voice change 
  
  vii 
List of Figures 
Part I: tDCS Article Manuscript 
Figure 1. Visual of equipment setup 
Figure 2. Schematic of block procedures 
Figure 3. Visual analog scale used by participants to rate level of discomfort during tDCS 
Figure 4. Marking a swallow in LabChart8 
Figure 5. Power analysis output using G*Power 3.1. Total sample size is 21 with an 
effect size of 0.52. 
Figure 6. Line graph of left-sided hemodynamic response peak Z score by tDCS 
amplitude across time 
Figure 7. Line graph of right-sided hemodynamic response peak Z score by tDCS 
amplitude across time 
Figure 8. Line graph of surface electromyography root mean square by tDCS amplitude 
across time 
 
Part II: Voice as a Predictor of Dysphagia Article Manuscript 
Figure 1. Example of analyzed segment of sustained vowel 
Figure 2. Example of segmentation of sentence with blended adjoining sounds 
Figure 3. Example of outlined pharyngeal residue space used to calculate Normalized 
Residue Ratio Scale 
Figure 4. Scatterplots indicating linear relationship between changes in RAP and changes 
in (a) CAPE-V Overall Severity change score, and (b) CAPE-V Breathiness change score 
during a sustained vowel 
  viii 
Figure 5. Scatterplots indicating linear relationship between changes in RAP and changes 
in (a) CAPE-V Roughness change score, and between changes in NHR and changes in 





  ix 
Explanation of Format 
 Speech-language pathologists are responsible for the evaluation and treatment of 
oropharyngeal swallowing and swallowing disorders. The works contained within this 
dissertation document represent research completed in each of these areas; they serve to 
advance our knowledge in the field of oropharyngeal dysphagia by informing dysphagia 
evaluation and treatment clinical practice patterns. 
 The first study, entitled Establishing Effective Amplitude Criterion for 
Transcranial Direct Current Stimulation (tDCS), investigated dosing effects of tDCS as a 
possible augmentation to swallowing rehabilitation. tDCS may serve as a restorative 
treatment option for patients with dysphagia following neurological injury, a population 
that may not benefit from traditional, behavior-based, swallowing therapy due to 
concomitant cognitive deficits. By determining which amplitude of tDCS most 
effectively upregulates the swallow, we aimed to contribute new understanding about the 
role of tDCS in swallowing rehabilitation.    
 The second study, Voice Quality as a Predictor of Dysphagia, examined the 
efficacy of assessing voice quality as a symptom of dysphagia during clinical swallowing 
evaluations. By examining the role of this specific task in the larger context of 
swallowing evaluation, we sought to refine our understanding of which clinical tasks are 
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 Transcranial direct current stimulation (tDCS), a type of non-invasive brain 
stimulation, has a potential facilitative effect on dysphagia rehabilitation. To date, studies 
investigating its effectiveness have varied protocols and dosing regimens making 
comparisons among outcomes difficult to extrapolate. By utilizing a novel paradigm, this 
study aims to determine the most effective amplitude criterion of anodal tDCS for 
upregulating the swallowing sensorimotor cortex. Thirty healthy adults between the ages 
of 30-66 years old participated. Each participant was randomly assigned to receive one 
30-minute session of either 0mA (sham/control), 1mA, or 2mA of tDCS to the left 
pericentral cortex during a swallowing task. Changes to the hemodynamic response and 
submental muscle contraction were measured before, during, and after tDCS with 
simultaneous functional near-infrared spectroscopy (fNIRS) and surface 
electromyography (sEMG) respectively. At the conclusion of the tDCS, participants rated 
their level of discomfort associated with their tDCS dose on a visual analog scale.  
Results indicated that there was no significant difference in the level of 
discomfort by the participants across tDCS amplitude. Although not statistically 
significant, submental muscle contraction during tDCS was reduced in the 1mA group 
but enhanced in the sham and 2mA groups. Similarly, although not statistically 
significant, there was suppression of the hemodynamic response in the left (stimulated) 
and right (unstimulated) hemispheres of both the 1mA and 2mA groups compared to the 
sham group.  
The findings show that tDCS is well-tolerated and increased dosage amplitude 




hemodynamic response and submental muscle contraction following a low dose of anodal 
tDCS, future research should continue to explore optimal dosing parameters for tDCS as 
an augmentation to swallowing rehabilitation. 
 
Keywords: Swallowing, Dosing, Transcranial Direct Current Stimulation, Functional 





 Although dysphagia, or difficulty swallowing, co-occurs with many disorders, it 
is a common comorbidity in patients with neurological disease. For example, it is 
estimated that between 28%-65% of patients will experience dysphagia following acute 
stroke (Arnold et al., 2016; Cohen et al., 2016; Flowers, Silver, Fang, Rochon, & 
Martino, 2013). Dysphagia can be life-threatening as it can result in aspiration, 
pneumonia, respiratory failure, or death. Estimated medical costs per incident associated 
with aspiration pneumonia range from $16,173-$30,280 (Wu, Chen, Wang, & Pinelis, 
2017). People with chronic dysphagia often report frustration, loss, anger, and 
embarrassment regarding the changes to their swallowing function (Nund et al., 2014).  
Despite the dangers and wide impact of dysphagia, restorative treatment options 
are limited. Modified diets can hinder quality of life and reduce oral intake (O’Keeffe, 
2018). Compensatory strategies, such as a chin tuck or head rotation, require a level of 
cognitive ability that may be unattainable in patients with advanced neurological disease. 
Of further concern, these strategies do not improve underlying swallowing function and 
must be completed with every swallow. Strengthening exercises, such as the Mendelsohn 
maneuver or Masako maneuver, also require relatively intact cognition as well as patient 
adherence to an exercise regimen. Although compensatory strategies and strengthening 
exercises may work for some patients, others find little benefit; patients with chronic 
dysphagia need long-term solutions.  
In an effort to improve treatment for dysphagia following stroke, some 
researchers are exploring a type of non-invasive brain stimulation, such as transcranial 




that can be applied to patients of all cognitive levels. During tDCS a positively-charged 
anode and a negatively-charged cathode are placed on the scalp to deliver low-intensity 
electrical current to the underlying cortical regions of interest. Dosing paradigms vary 
based on electrode placement, amplitude administered, length of stimulation, and task-
dependency. Understanding dosing paradigms is still in its infancy as the exact 
mechanisms underlying tDCS as a rehabilitative tool are not completely understood. 
However, studies in both animals and humans have demonstrated increased cortical 
activation following anodal tDCS and reduced cortical activation with cathodal tDCS 
(Nitsche et al., 2003; Zheng, Alsop, & Schlaug, 2011). It is believed that cortical 
stimulation either upregulates or downregulates the action potential of the underlying 
neurons depending upon the electrode montage. If this is the case, application of anodal 
tDCS following brain injury, such as a stroke, may assist with modulation of neuronal 
firing and cortical reorganization of damaged areas. This type of passive 
neuromodulation could be especially beneficial to patients following stroke who may 
have concomitant cognitive and swallowing deficits. 
Immediate effects of tDCS are believed to be related to changes in the polarity of 
the resting membrane potential of the neuron. The resting membrane potential is 
approximately -60mV with the inside of the neuron more negative than the outside 
(Bhatnager, 2008). An action potential occurs when the inside of the neuron is 
depolarized or made more positive. An action potential is suppressed when the inside of 
the neuron is hyperpolarized or made more negative. Anodal tDCS is believed to 
modulate depolarization by affecting the sodium and calcium receptors of the neuron as 




of tDCS in healthy humans (Pisegna, Kaneoka, Pearson, Kumar, & Langmore, 2016; 
Stagg et al., 2009). tDCS has also been shown to have an immediate effect on GABA, a 
main inhibitory neurotransmitter. Stagg et al. (2009) paired tDCS with magnetic 
resonance spectroscopy and saw a reduction in GABA with anodal tDCS and a reduction 
in glutamate and GABA with cathodal tDCS. 
Since polarity effects are typically short-lasting, any long-term effects are 
believed to be related to a different mechanism. A study using both healthy humans and 
slices of the mouse motor cortex revealed that motor learning following tDCS was 
associated with the release of activity-dependent brain-derived neurotrophic factor 
(BDNF) and changes to N-methyl-D-aspartate (NMDA) receptors (Fritsch et al., 2010). 
These receptors are sensitive to glutamate, a main excitatory neurotransmitter. 
GABAergic changes have also been observed in tDCS after-effects (Nitsche et al., 2003; 
Roche, Geiger, & Bussel, 2015). 
Although the underlying neurophysiological mechanisms of tDCS are not 
completely clear, it appears that anodal tCDS is effective at inhibiting GABA and 
modulating depolarization. Similarly, cathodal tDCS is effective at inhibiting glutamate 
and modulating hyperpolarization. It seems logical then that tDCS could be an effective 
rehabilitative tool to modulate neuronal firing in patients diagnosed with neurological 
disease.  
However, optimal dosing parameters remains unclear. Researchers interested in 
stimulating motor pathways with anodal tDCS have placed the tDCS electrodes so that 
the anode is over the motor cortex and the cathode is over the contralateral orbit. 




ipsilesional or contralesional. This is especially true in dysphagia research as cortical 
lateralization of swallowing remains a controversial issue. Some studies have found that 
anodal tDCS to the dominant hemisphere resulted in greater pharyngeal motor evoked 
potentials (MEPs) on the stimulated side only (Jefferson, Mistry, Singh, Rothwell, & 
Hamdy, 2009; Zhao et al., 2015) while others have found that anodal tDCS to the 
contralesional or non-dominant hemisphere resulted in increased MEPs bilaterally, which 
was attributed to transcallosal activation (Vasant et al., 2014; Zhao et al., 2015). 
Although these studies made evident a neurophysiological connection between 
tDCS to the pharyngeal motor cortex and pharyngeal MEPs, they were limited in 
establishing the clinical significance of tDCS. Six randomized controlled trials have been 
published to date evaluating the effectiveness of anodal tDCS as a treatment paradigm in 
patients with dysphagia following stroke (Ahn et al., 2017; Kumar et al., 2011; Pingue et 
al., 2018; Shigematsu et al., 2013; Suntrup-Kruger et al., 2018; Yang et al., 2012). 
Dosing parameters have varied for each study, making comparison between studies 
difficult (Table 1). Amplitude of stimulation has ranged from 1mA-2mA with length of 
stimulation ranging from 20-30 minutes. Number of sessions and electrode placement 
have varied as well. In some instances, improvement in swallowing was observed 
immediately following tDCS (Kumar et al., 2011; Shigematsu et al., 2013; Suntrup-
Kruger et al., 2018) whereas other studies indicated delayed (Yang et al., 2012) or no 
improvements (Ahn et al., 2017; Pingue et al., 2018). It is clear that the use of tDCS in 
dysphagia rehabilitation warrants further investigation. Specifically, dosing parameters 





Purpose & Hypotheses 
The aim of the current study was to determine the most effective amplitude 
criterion of anodal tDCS for upregulating the swallowing sensorimotor cortex (e.g., 0mA 
[sham/control], 1mA, 2mA). As a novel paradigm, tDCS, functional near-infrared 
spectroscopy (fNIRS), and surface electromyography (sEMG) were simultaneously 
paired while participants completed a swallowing task. This allowed for measurement of 
the cortical hemodynamic response and submental muscle contraction before, during, and 
after varying doses of tDCS. At the conclusion of the study, participants were asked to 
rate their level of discomfort associated with tDCS using a visual analog scale. Research 
questions included:  
a) Does amplitude of tDCS (e.g., 0mA [sham/control], 1mA, 2mA) affect the 
hemodynamic response as measured by fNIRS during a cued swallow task? 
b) Does amplitude of tDCS (e.g., 0mA [sham/control], 1mA, 2mA) affect 
submental muscle contraction as measured by sEMG during a cued swallow 
task? 
c) Does amplitude of tDCS (e.g., 0mA [sham/control], 1mA, 2mA) affect 
participant’s perception of discomfort as measured on a labeled linear 
magnitude scale? 
It was hypothesized that the highest amplitude of tDCS (e.g., 2mA) would result 
in the greatest change to the hemodynamic response, greatest submental muscle 
contraction, and the highest rating of discomfort in comparison to the low-dose (e.g., 







 This study was approved by the James Madison University Internal Review 
Board. Participants thirty years and older were recruited by bulk email advertisement and 
encouraged to complete a Qualtrics survey to determine eligibility. Exclusion criteria 
included: presence of a pacemaker or deep brain stimulator, history of swallowing 
problems or direct dysphagia treatment, history of uncontrolled reflux symptoms as 
evidenced by a score of 13 or greater on the Reflux Severity Index, history of brain injury 
or neurological disorder including stroke, previous neck injury requiring treatment by a 
physician, history of psychiatric disorder other than medically-managed depression, 
presence of speech motor control abnormalities, history of epileptic seizures, or diagnosis 
of progressive neurodegenerative disorder. Eligible participants were scheduled for a 
single session; at its conclusion, participants were compensated $40 for their 
participation. 
 Twenty-seven healthy adults consented to this study. Data from three participants 
were excluded due to poor signals so that the final analysis came from 24 healthy 
participants. Fifteen were female. Age range was 30-66 years (mean: 45.1 years, SD: 
10.88). All participants were right-handed. 
Design 
In this prospective, between and within-subjects design, participants were 
randomly assigned to receive one of three doses of anodal tDCS to the left pericentral 
cortex: 0mA (sham/control), 1mA, or 2mA. Both the researcher facilitating the session 





 Participants were seated upright in a stationary chair for equipment setup. Initial 
setup included locating the cortical regions of interest (ROIs) for placement of the 
functional near-infrared spectroscopy (fNIRS). Grounded in the Beer-Lambert Law, 
fNIRS uses absorption of near-infrared light to detect changes to the oxyhemoglobin 
(HbO) and deoxyhemoglobin (HbR) of the cerebral cortex (Strangman, Boas, & Sutton, 
2002). ROIs included the bilateral pericentral cortex, including the precentral and 
postcentral gyri, as previous research indicates these areas are involved in swallowing 
(Kamarunas, Mulheren, Palmore, & Ludlow, 2018; Soros, Inamoto, & Martin, 2009). 
The fNIRS probes were placed bilaterally using Brainsight 2.0 neuronavigation system 
(Rogue Research, Montreal, Quebec) with each side consisting of a three emitter and five 
detector array. Each emitter and detector pair was spaced 3cm apart. Light at wavelengths 
690 and 830nm was released from the emitters, absorbed and reflected by the cortex, and 
identified by the detectors to measure changes to blood oxygenation. Signals were 
monitored and gained at the beginning of each recording session. 
 Phoresor II Auto tDCS was setup next (Iomed, Salt Lake City, UT, Model No. 
PM850). Prior to securing the fNIRS probes, tDCS electrodes were placed with the 
6.5x6.5cm saline-soaked anodal electrode positioned over the left primary motor cortex 
and the 6.5x6.5cm saline-soaked cathode positioned over the right supraorbital region. 
Six 6mm holes were punched into the anodal electrode to allow for simultaneous 
placement of tDCS and fNIRS. Once all fNIRS probes and tDCS electrodes were in 





A piezoelectric accelerometer (Kistler Instrument Corporation, Amherst, NY) was 
secured over the thyroid notch using medical tape and signaled laryngeal elevation during 
swallowing. A trained observer also documented visualization of hyolaryngeal elevation 
in LabChart8 software. Uncued swallows were also labeled. To time-link the LabChart8 
and fNIRS digital files, the observer also pushed a button connected to a pulse generator 
at the beginning and end of each experimental block; this created a square wave that 
could be identified in both programs to synchronize the timing of physiological events.  
Next, the skin was abraded with an alcohol swab and surface electromyography 
(sEMG) electrodes were placed on the skin to measure muscle activity. Norotrode 20 
disposable electrodes were placed along the posterior one-third of the submental muscles 
and were 22mm +/- 1mm apart from one another. The submental muscles, consisting of 
the anterior belly of the digastric, mylohyoid, and geniohyoid, were chosen as they are 
documented to be associated with movement of the hyoid bone during swallowing 
(Vaiman, Eviatar, & Segal, 2004; Wheeler, Chiara, & Sapienza, 2007). A single Positrace 
ECG electrode was placed along the right clavicle and served as the grounding electrode. 
Digital signals were recorded using PowerLab 16/35 and LabChart8 software (AD 
Instruments, Inc.). Each session was also videorecorded in LabChart8. Figure 1 displays 
equipment setup.  
A 3/16 in. silicon tube was connected to a Masterflex motorized infusion pump 
(Cole-Parmer Instrument Co., Chicago, IL) to allow for automatic water bolus delivery. 
To minimize jaw and head movements, participants held the tubing in the left corner of 
their mouth throughout the study. One 1mL bolus of water was dispensed per minute and 




resemblance to the volume of a saliva swallow (Lagerlof & Dawes, 1984; Rudney, Ji, & 
Larson, 1995).  
Following setup, each participant completed three 30-minute blocks. During each 
block, the participant was instructed to sit as still as possible and to swallow every time 
(s)he received a 1mL water bolus from the tube placed in his/her mouth. During the first 
five minutes of the 30-minute block, the participant received 1mL of water each minute 
followed by a three-minute rest period where no water was administered. During the rest 
period, the participant was free to swallow his/her saliva as necessary. Following the 
three-minute rest period, water was again administered at a rate of 1mL/minute for five 
minutes. This alternating pattern was continued throughout the 30 minutes so that there 
was a total of four five-minute periods of swallowing and three three-minute rest periods, 
yielding 20 total swallows per 30-minute block (Figure 2). All signals were recorded 
continuously for each block. 
During the second 30-minute block, participants were randomly assigned to 
receive either 0mA (sham/control), 1mA, or 2mA of tDCS for the duration of the 30 
minutes. A trained assistant started the tDCS as both the researcher completing the 
session (author L.G.) and the participant were blinded to condition. In the case of 
sham/control, the tDCS unit ramped up to 2mA over the course of 15 seconds and then 
was turned off by the trained assistant. During the ramp up period, the participant 
received the same sensation of tingling as the participants who received active tDCS for 
30 minutes, yet the control participants were unaware that the device was then turned off. 
At the conclusion of the 30-minute tDCS block, all participants were asked to rate 




(Figure 3). Once all three experimental blocks were completed, equipment was removed, 
and the patient was excused. No adverse events occurred. 
Data Analysis 
 Swallows were readily identifiable in LabChart8 since they were marked in real 
time by the trained observer who documented hyolaryngeal elevation at the time of bolus 
delivery. If further verification of a swallowing occurrence was needed, the signal from 
the accelerometer was used as this produced a sharp signal during the swallowing. In 
addition, review of the videorecording facilitated the decision-making process. Once all 
of the swallow onsets were marked, the times were exported to Excel.  
fNIRS 
 fNIRS data were analyzed with HOMER2 software (Boas, Dubb, & Huppert, 
2012) in Matlab 2013 (The MathWorks Inc., Natick, MA). Onset of cued swallows in 
LabChart8 and HOMER2 were synced in Excel. The average hemodynamic response 
calculated by HOMER2 was exported and organized by participant, tDCS amplitude, side 
(e.g., left vs. right hemisphere), location (e.g., motor cortex, sensory cortex, premotor 
cortex), and HbO/HbR. The amplitude of the hemodynamic response was measured 
relative to baseline hemoglobin level for each participant in each cortical location. 
Baseline was defined as -5 to 0 seconds prior to swallow onset. The event-related 
averages of oxygenated and deoxygenated hemoglobin were then converted to Z scores 
relative to the mean and standard deviation of baseline levels for each channel in a 
participant (!= "#$%	'()	*$+,#-.$/#+01#	2#$1.$/#+01#	/3$14$54	4#*0$3061 ). The peak Z score was identified as the highest 
amplitude Z score relative to baseline for each channel and then all channels were 




each participant. A repeated-measures 3x3 ANOVA was completed to assess for changes 
to the hemodynamic response based on tDCS amplitude across time by side.  
sEMG 
Raw sEMG data was collected with a 2mV range using a 10kHz sampling rate. 
Consistent with other sEMG research protocols, a band-pass filter was applied (75-
500Hz) to the signal (Zhu et al., 2017). The signal was then rectified and smoothed with a 
low pass filter (10Hz). The smoothed signal was normalized by the largest muscle 
contraction during a swallow across the entirety of the session (e.g., pre-tDCS, tDCS, 
post-tDCS); this was normalized as 100%. The mean sEMG signal during rest was 
averaged across trials and normalized as 0% for each block of the session (e.g., pre-tDCS, 
tDCS, post-tDCS).  
Once the sEMG swallowing signal was normalized, task onset was defined as 
10% of the maximum amplitude at the beginning of the signal. Similarly, task offset was 
defined as when the signal returned to 10% of maximum amplitude at the end of the 
signal as described by Ludlow, Kent, and Gray (2019) (Figure 4). The root mean square 
(RMS) was calculated from onset to offset for each trial of each condition and averaged. 
Submental muscle contraction was normalized to the pre-tDCS block. A repeated-
measures 3x3 ANOVA was completed to assess for changes to submental muscle 
contraction based on tDCS amplitude across time. 
Discomfort Score 
 The location of the tic mark along the 100mm line was measured and a score out 




was difficult to tolerate for 30 minutes. A one-way between-subjects ANOVA was used 
to assess for differences in level of discomfort based on amplitude of tDCS administered. 
Power Analysis 
Pilot data (n=18) of changes to the cortical hemodynamic signal in response to 
tDCS were utilized to determine effect size based on means and standard deviations. 
Effect size computation was 0.52 using G*Power (Faul, Erdfedler, Buchner, & Lang, 
2009; Faul, Erdfelder, Lang, & Buchner, 2007). Power was set at 0.95 with results 
yielding a requisite sample size of 21 total participants, 7 per group (Figure 5). 
Results 
Hemodynamic Response 
 During the 30-minute tDCS period, there was a suppression of the hemodynamic 
response in the left (stimulated) hemisphere with both 1mA and 2mA groups compared to 
sham (Figure 6). The suppression effects continued through the 30-minute post-tDCS 
period with post levels lower than baseline. A 3x3 repeated measures ANOVA found no 
significant difference in the left-side normalized mean peak-z hemodynamic response 
across tDCS condition [0mA (sham/control), 1mA, or 2mA] (F(2,21)=0.62, p=0.55) by 
time [pre-tDCS, tDCS, post-tDCS] (F(4,42)=0.88, p=0.49).  
 During the 30-minute tDCS period, there was also suppression of the 
hemodynamic response in the right hemisphere in both the 1mA and 2mA of groups 
compared to the sham group (Figure 7). Although the sham and 2mA groups appear to 
have no hemodynamic suppression in the post-tDCS period, the response remains 
suppressed in the 1mA group. A 3x3 repeated measures ANOVA found no significant 




condition [0mA (sham/control), 1mA, or 2mA] (F(2,21)=1.26, p=0.30) by time [pre-
tDCS, tDCS, post-tDCS] (F(4,42)=0.86, p=0.50). 
Surface Electromyography 
 During the 30-minute tDCS period, submental muscle contraction was reduced 
for the 1mA group only; this returned to baseline levels during the post-tDCS period. 
With both sham and 2mA conditions, submental muscle contraction increased from 
baseline during tDCS and post-tDCS periods (Figure 8). A 3x3 repeated measures 
ANOVA found no significant difference on submental muscle contraction across tDCS 
conditions [0mA (sham/control), 1mA, or 2mA] (F(2,20)=1.93, p=0.17) by time [pre-
tDCS, tDCS, post-tDCS] (F(4,40)=0.99, p=0.42). 
Discomfort Scale 
 A one-way between-subjects ANOVA found no significant difference on the 
mean difference of participant discomfort scores as a function of tDCS amplitude, 
F(2,21)=1.57, p=0.23. Descriptive statistics are listed in Table 2. 
Discussion 
To address the effect of tDCS dosing parameters during a swallowing task, we 
used a novel paradigm and simultaneously combined tDCS, fNIRS, and sEMG. Although 
not statistically significant, results indicated a suppression of the hemodynamic response 
in both cerebral hemispheres during 30 minutes of both 1mA and 2mA anodal tDCS to 
the pericentral cortex versus the sham condition. Suppression effects were greatest in the 
1mA group and continued during the post-tDCS period compared to baseline, especially 
in the left (stimulated) hemisphere. An increase of the hemodynamic response in the right 




activation as proposed by Zhao et al. (2015) and Vasant et al. (2014). Interestingly, there 
was also a reduction of submental muscle contraction during 1mA of anodal tDCS as 
measured by surface electromyography (sEMG).  
There was no significant effect of tDCS amplitude on participant discomfort. That 
is to say, as participants did not demonstrate increased discomfort with increased 
amplitude of tDCS. This is consistent with other reports that tDCS is safe for use with 
humans and generally well tolerated (Bikson et al., 2016; Turski et al., 2017). This 
finding adds to the argument that tDCS may be a beneficial augmentation to dysphagia 
rehabilitation for patients of all types, including those with limited communication related 
to advanced neurological disease. 
Timing of Cortical Modulation Effects 
 These results raise several questions. Potentially the largest question is the reason 
for suppression of the hemodynamic response during anodal tDCS as this has repeatedly 
been found to modulate cortical activation (Nitsche et al., 2003; Pena-Gomez et al., 2012; 
Zheng et al., 2011). However, most studies with observed cortical modulation effects 
have been pre/post comparisons (Merzagora et al., 2010; Muthalib, Kan, Nosaka, & 
Perrey, 2013; Pena-Gomez et al., 2012). That is, baseline measures were taken, tDCS was 
applied, and the baseline measures were taken again. Given recent research findings 
indicating tDCS is best administered before task completion (Buchwald et al., 2019; 
Giacobbe et al., 2013), it is possible that acute tDCS administration temporarily reduces 
cortical activation with a post-stimulation period demonstrating modulation effects. As 
the hemodynamic response was larger in the right hemisphere after receiving 2mA of 




Use of fNIRS 
Another possible explanation for the observed suppression of the hemodynamic 
response is that potentially fNIRS cannot accurately measure changes to the 
hemodynamic response during tDCS. In an animal study, Han, Song, Kang, Kim, and Im 
(2014) simultaneously applied fNIRS and tDCS to rats and found there was too much 
signal variability to draw accurate conclusions about tDCS effects. This variability was 
also found in human trials when investigating the effect of bihemispheric tDCS on a wrist 
flexion task (Khan et al., 2013). Yan et al. (2015) also found variability in the fNIRS 
signals and concluded no significant difference in the hemodynamic response of healthy 
participants before, during, or after receiving 5 minutes of 1.5mA of anodal tDCS over 
the left motor cortex while fixing their gaze on a screen. 
Role of Sham Stimulation  
One of the most consistent findings was an increase in both the hemodynamic 
response and submental muscle contraction for participants receiving sham tDCS. 
Although our sham procedures were similar to several other placebo-controlled tDCS 
studies (Pingue et al., 2018; Suntrup-Kruger et al., 2018), some researchers are beginning 
to question if even sham stimulation is enough to modulate neural activity (Boonstra, 
Nikolin, Meisener, Martin, & Loo, 2016; Fonteneau et al., 2019; Nikolin, Martin, Loo, & 
Boonstra, 2018). Typical sham protocols include ramping up the stimulation to 1mA or 
2mA over a 15 to 30 sec period before ramping down or turning the device off (Dyke, 
Kim, Jackson, & Jackson, 2016; Pena-Gomez et al., 2012; Stagg et al., 2013), but 




of healthy participants after receiving sham stimulation (2mA x 15 mins; 30 sec ramp 
up/30 sec ramp down). 
 Other researchers have argued that the presence of a medical device like tDCS 
could induce enough expectation from the participant to result in a placebo effect (Burke, 
Kaptchuk, & Pascual-Leone, 2019; Fonteneau et al., 2019; Kaptchuk, Goldman, Stone, & 
Stason, 2000; Kaptchuk & Miller, 2015).  
Limitations & Future Directions 
 Although there is not a clear explanation for our results, current findings suggest 
that further research on the effectiveness of tDCS is needed. Its exact role in 
neuromodulation remains undefined. In addition, varying dosing parameters, such as 
timing of stimulation, electrode montage, and length and amplitude of stimulation make it 
difficult to draw distinct conclusions between studies published to date. 
 The current study is not without limitations. First, participants were healthy and 
relatively young. It is possible that greater neuromodulation effects from the same doses 
of tDCS would be seen in geriatric or neurologically-impaired populations whose 
baseline cortical activation may be suboptimal. Future studies should explore the 
differences of tDCS effects on neurologically-intact versus neurologically-impaired 
populations. Next, participants received only one 30-minute session of tDCS; further 
studies should continue to explore if a single session of tDCS is as effective as 
consecutive sessions. Finally, participants were simply asked to swallow when receiving 
a water bolus. Although this swallowing should have induced cortical activation on its 




may be more significant. Future studies should continue to evaluate task selection as a 
factor of tDCS effectiveness.  
Conclusions 
 Results indicated that tDCS was well tolerated with no significant differences 
among participant discomfort scores across tDCS amplitude. Although not statistically 
significant, there was bilateral suppression of the hemodynamic response during 30-
minutes of 1mA and 2mA of anodal tDCS to the left pericentral cortex compared to sham 
stimulation. These suppression effects continued during the post-tDCS period in the left 
(stimulated) hemisphere. Compared to baseline, the group receiving 2mA of tDCS 
demonstrated increased submental contraction during tDCS with effects continuing 
during the post-stimulation period. These trends were not observed with the 1mA group. 
Future research should continue to explore the role of transcallosal activation as a 





tDCS and dysphagia RCTs study paradigms 
Authors Amp (mA) # Minutes # Sessions Total 
(Mins) 
Anode Cathode 
Kumar et al. (2011) 2 30 5 150 Contralesional Contra-orbit 
Yang et al. (2012) 1 20 10 200 Ipsilesional Contra-orbit 
Shigematsu et al. 
(2013) 
1 20 10 200 Ipsilesional Contra-orbit 
Ahn et al. (2017) 1 20 10 200 B motor cortices B orbits 
Suntrup-Kruger et al. 
(2018) 
1 20 4 80 Contralesional Contra-orbit 
Pingue et al. (2018) 2 30 10 300 Ipsilesional Contralesional 





    
Descriptive statistics for discomfort scores by tDCS amplitude 
  N Mean SD 
Sham 8 11.25 9.88 
1mA 8 25.75 21.12 







Figure 1. Visual of equipment setup 
Figure 2. Schematic of block procedures 
Figure 3. Visual analog scale used by participants to rate level of discomfort during tDCS 
Figure 4. Marking a swallow in LabChart8 
Figure 5. Power analysis output using G*Power 3.1. Total sample size is 21 with an 
effect size of 0.52. 
Figure 6. Line graph of left-sided hemodynamic response peak Z score by tDCS 
amplitude across time 
Figure 7. Line graph of right-sided hemodynamic response peak Z score by tDCS 
amplitude across time 
















A – tDCS anode and 
fNIRS probes over left 
pericentral cortex 
 
B – tDCS cathode over 
contralateral orbit 
 
C – fNIRS probes over 
right pericentral cortex 
 




E – accelerometer 
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The clinical swallowing evaluation (CSE) is a non-instrumental exam that informs 
speech-language pathologists about a patient’s cognition, readiness for instrumental 
evaluation, and swallowing symptoms. Because of the common neuroanatomy and 
physiology of the larynx during voicing and swallowing tasks, coughing or throat 
clearing after food and drink may indicate swallowing impairment. Also because of the 
shared mechanisms of the larynx, some clinicians also attribute voice changes after 
swallowing to dysphagia although many studies to date demonstrate conflicting results on 
the effectiveness of post-prandial voice assessment. The aim of this study was to assess if 
dysphonia and/or voice change after swallowing is indicative of a swallowing disorder. 
Thirty-nine adults between the ages of 49-97 years were audio recorded completing a 
sustained vowel and sentence prior to a videofluoroscopic swallowing study (VFSS) and 
again after swallowing each bolus. Swallowing function was categorized with a revised 
Penetration-Aspiration Scale, and pharyngeal residue was measured with the Normalized 
Residue Ratio Scale (NRRS). Two hundred and fifty voice samples were measured 
acoustically and perceptually. Acoustic measures of interest included mean fundamental 
frequency, relative average perturbation, and noise-to-harmonic ratio. Following listener 
training, perceptual analysis of the voice samples was completed by three speech-
language pathologists using the Consensus Auditory-Perceptual Evaluation of Voice 
(CAPE-V).  
Results indicated that baseline dysphonia was associated with greater instances of 
penetration and/or aspiration. Speech-language pathologists perceptually identified a 




perceptually-identified voice change after swallowing was not related to dysphagia. 
Based on these results, dysphonia during a CSE should alert speech-language 
pathologists of a possible comorbid dysphagia; however, voice change after swallowing 
appears unrelated to airway invasion. 
 
Keywords: Swallowing, Clinical Swallowing Evaluation, Clinical Indicators, Dysphonia, 







According to the 2012 National Health Interview Survey, 4% of adults in the 
United States experience symptoms of oropharyngeal dysphagia, or difficulty 
swallowing, each year (Bhattacharyya, 2014). Dysphagia can manifest from 
discoordinated or weakened oral, pharyngeal, and laryngeal physiology, resulting in 
airway invasion (e.g., penetration or aspiration) and/or oropharyngeal residue. Common 
etiologies of dysphagia include neurological disorders, respiratory disease, head and neck 
cancer, and presbyphagia. Identification of dysphagia remains crucial as difficulty 
swallowing is highly correlated with aspiration and can lead to pneumonia, malnutrition, 
dehydration, or even death (Zaloga, 2002). A single diagnosis of hospital-acquired 
pneumonia increases the average length of hospitalization by 15.5 days at a cost of 
$9,100 per case (Schwarz, Coccetti, Murdoch, & Cardell, 2018). Given these staggering 
statistics, accurate identification of individuals at risk for dysphagia is essential.  
When oropharyngeal dysphagia is suspected, a patient is typically referred to a 
speech pathologist for a swallowing evaluation. Standard of care involves a clinical 
swallowing evaluation (CSE), a non-instrumental examination that includes a patient 
interview, screening of cognitive abilities, and cranial nerve assessment (Rangarathnam 
& McCullough, 2016). During the CSE, the speech pathologist also assesses the patient’s 
ability to safely consume multiple textures and viscosities. Although the CSE provides 
information on overall dysphagia severity (Rangarathnam & McCullough, 2016) and 
allows the speech pathologist to comment on the patient’s appropriateness for an 
instrumental exam, CSE procedures are unstandardized and at the discretion of the 




dysphagia as true clinical indicators of swallowing impairment remain poorly defined. 
Possible clinical indicators of dysphagia include impaired mental status, reduced oral 
motor function, absence of gag reflex, inability to handle secretions, absence of volitional 
cough, coughing after food/drink trials, speech disturbance (e.g., dysarthria, apraxia), 
voice disturbance (e.g., dysphonia), voice change following food/drink trials, and pulse 
oximetry fluctuations (Daniels et al., 1998; Logemann, Veis, & Colangelo, 1999; 
McCullough, Wertz, & Rosenbek, 2001; Leder & Espinosa, 2002; Rosenbek, 
McCullough, & Wertz, 2004; McCullough et al., 2005; Nishiwaki et al., 2005; Hassan & 
Aboloyoun, 2014; O’Horo et al., 2015; Perry & Love, 2001); however, sensitivity of 
these CSE tasks range from 23%-91% with specificity ranging from 15%-94% (Table 1). 
Coughing after eating or drinking may be one of the best indicators of dysphagia 
as the cough reflex is automatically generated by the laryngeal branches of the vagus 
nerve (CN X) when foreign material enters the larynx in a person with intact sensation 
(Daniels et al., 1998; Hassan & Aboloyoun, 2014; Logemann et al., 1999; McCullough et 
al., 2005; Nishiwaki et al., 2005). The recurrent laryngeal nerve controls vocal fold 
abduction and adduction; these functions are responsible for sound production during 
voicing and glottal closure during throat clearing, coughing, and swallowing (Bhatnager, 
2008; Teixeira, Oliveira, & Lopes, 2013). The superior laryngeal nerve innervates the 
muscles partially responsible for changing pitch, clearing pharyngeal residue, and 
conveying sensory information from the larynx (Elidan, Shochina, Gonen, & Gay, 1990; 
Malandraki, Hind, Gangnon, Logemann, & Robbins, 2011). Because the vagus nerve 




during coughing and swallowing, pharyngeal constriction, and voice quality, the 
relationship between voicing and swallowing remains intriguing. 
Researchers have aimed to investigate this relationship in three ways: a) by 
calculating the sensitivity and specificity of voicing to dysphagia, b) acoustic evaluation, 
and c) perceptual voice analysis. Sensitivity of baseline dysphonia range between 54-83% 
with specificity ranging from 40-86%. These ranges are even wider when considering 
voice change after swallowing with sensitivity between 38-80% and specificity between 
64-85% (Daniels et al., 1998; Hassan & Aboloyoun, 2014; Logemann et al., 1999; 
McCullough et al., 2005; Nishiwaki et al., 2005). These values indicate that patients are 
not only being misidentified as having dysphagia when they do not, but more 
importantly, patients with dysphagia are being missed. 
Acoustic analysis of the voice has revealed changes to maximum fundamental 
frequency (F0; Malandraki et al., 2011; Rajappa et al., 2017), relative average 
perturbation (RAP), noise-to-harmonic ratio (NHR), and jitter/shimmer (Kang, Kim, Jee, 
Jo, & Koo, 2018; Ryu, Park, & Choi, 2004) following airway invasion. However, RAP 
and NHR improved after aspiration in some instances (Ryu et al., 2004) and worsened 
after aspiration in others (Kang et al., 2018). A lower max F0 was found to correlate to 
airway invasion during a pitch glide task (Malandraki et al., 2011; Rajappa et al., 2017) 
while mean F0 during a sustained vowel was not associated with airway invasion (Kang 
et al., 2018; Ryu et al., 2004). Not only are these results conflicting, but clinically, 
acoustic analysis of voice during the CSE is unpracticed and typically not feasible. 
Instead perceptual voice analysis is most commonly practiced with speech-




swallowing. A common description of voice change corresponds to a sound of “wetness,” 
however, initial studies that aimed to correlate the binary presence or absence of wet 
vocal quality to oropharyngeal residue, penetration, and/or aspiration on 
videofluoroscopic swallowing study (VFSS) found no relationship (Groves-Wright, 
Boyce, & Kelchner, 2010; Waito, Bailey, Molfenter, Zoratto, & Steele, 2011; Warms & 
Richards, 2000). Subsequent research attempted to further define impaired vocal quality 
using perceptual rating scales, such as the GRBAS (grade, roughness, breathiness, 
asthenia, and strain; Hirano, 1981) or Consensus Auditory-Perceptual Evaluation of 
Voice (CAPE-V). Results indicated a linear relationship between abnormal Penetration-
Aspiration Scale scores (PAS; Rosenbek, Robbins, Roecker, Coyle, & Wood, 1996) and 
more severe CAPE-V scores (Festic et al., 2016) but no significant relationship between 
GRBAS scores and dysphagia (Waito et al., 2011). 
Discrepancies among previous voice and swallowing results likely stem from 
methodological differences. In many studies to date, the instrumental exam occurred days 
or weeks following the initial CSE (Daniels et al., 1998; McCullough et al., 2001; 
Nishiwaki et al., 2005; McCullough et al., 2005; Festic et al., 2016). This time lapse 
hinders a direct connection to voicing and swallowing given the possible influence of 
spontaneous recovery. In addition, the binary or ordinal scales (e.g., normal/abnormal 
voicing, present/absent dysphagia, mild/moderate/severe pharyngeal residue) used to 
assess the relationship between dysphonia and dysphagia (Daniels et al., 1998; Festic et 
al., 2016; Groves-Wright et al., 2010; Hassan & Aboloyoun, 2014; Leder & Espinosa, 
2002; McCullough et al., 2001; McCullough et al., 2005; Nishiwaki et al., 2005; Warms 




interrater reliability in auditory-perceptual evaluation of voice varies widely between 
very low and very high (Groves-Wright et al., 2010). Ratings are influenced by listeners’ 
background and expertise in assessing vocal quality. In studies where voice assessments 
are made at bedside and later compared to VFSS results, interrater reliability of vocal 
quality cannot be calculated as the judgements are made by a single rater in real time 
(Daniels et al., 1998; Festic et al., 2016; McCullough et al., 2001; McCullough et al., 
2005; Nishiwaki et al., 2005).  
Purpose & Hypotheses 
Despite conflicting research, many speech-language pathologists continue to 
consider a change in vocal quality after swallowing to be a red flag for dysphagia. The 
aim of the current study was to determine if voice quality, assessed at baseline and for 
voice change after swallowing, is a clinical indicator of swallowing impairment. 
Research questions included: 
1. Do speech-language pathologists’ perceptual ratings of voice change after 
swallowing correlate to acoustic features of voice change after 
swallowing? 
2. Does baseline dysphonia predict dysphagia, as defined by a) 
penetration/aspiration and/or b) pharyngeal residue? 
3. Does voice change after swallowing predict dysphagia, as defined by a) 
penetration/aspiration and/or b) pharyngeal residue? 
It was hypothesized that perceptual voice quality changes would correlate to acoustic 
features of voice change as other studies have documented that voice samples 




analysis (Malandraki et al., 2011; Rajappa et al., 2017). Because of trends in the literature 
regarding the poor sensitivity and specificity of baseline dysphonia as a clinical indicator 
of dysphagia, it was also hypothesized that prior to swallowing, voice samples 
perceptually classified as dysphonic would not predict penetration/aspiration or 
pharyngeal residue. Finally, it was hypothesized that perceptual voice change after 
swallowing would predict aspiration but not penetration or pharyngeal residue. This 
hypothesis was informed by the idea that material passing over and through the vocal 
folds during aspiration may result in a change in vocal fold vibration and subsequently, 
vocal quality.  
Methods 
Design & Participants 
In this prospective, between- and within-subjects experimental design, 
participants were recruited from Sentara RMH Medical Center in Harrisonburg, VA and 
MassTex Imaging, LLC, a mobile VFSS van based in Danvers, MA. Eligible participants 
were inpatients and outpatients aged 18-99 years referred for a VFSS by their physician. 
Exclusion criteria included: (a) reduced alertness as judged by ability to maintain a 
wakeful state during the VFSS, (b) difficulty following simple commands, (c) medical 
fragility as judged by the ordering physician, (d) presence of tracheostomy, (e) current or 
previous treatment for head and neck cancer, and (f) history of professional voice 
training. 
Fifty participants consented to participate in the study. Data from eleven 
participants were excluded due to insufficient acoustic signals. Analysis was completed 




participants were outpatient (27/39) with the inpatient participants evenly split between 
acute care (15%) and inpatient rehabilitation (15%). Age range was 49-97 years (mean: 
74.79 years, SD: 10.65). Primary diagnosis included pulmonary, esophageal, 
neurological, or other medical (e.g., prostate cancer without metastases, myocardial 
infarction). Aggregate demographic and medical information are presented in Table 2. 
Procedures  
Setup & Recordings 
The study occurred either in the fluoroscopy suite of Sentara RMH Medical 
Center or on the MassTex Imaging, LLC mobile VFSS van. At Sentara RMH Medical 
Center, videofluoroscopic swallow evaluations were completed using a KayPentax 
7245C digital swallowing workstation (KayPentax DSW). Participants were seated 
upright in a TMM3 Video Fluoroscopy Swallow Study Stretcher-Chair. On the mobile 
van, evaluations were completed using an x-ray machine while participants were seated 
upright in a wheelchair. X-ray machine components included the tube (X-Cel X-Ray 
4/04, Crystal Lake, IL) and image receptor (DMX Works, Palm Harbor, FL). Images 
were recorded with Debut Video Capture (NCH Software, Greenwood Village, CO).  
Regardless of data collection site, all VFSS images were recorded at 30 
frames/second. Participants were imaged in lateral view to allow for visualization of the 
lips, nasal cavity, cervical vertebrae, and the pharyngoesophageal segment. No data was 
collected while the patients were in the anterior-posterior position. 
Voice samples were collected using a digital voice recorder (Zoom H6 Handy 
Recorder) with frequency settings at 44.1 kHz and 16 bits/s and a cardioid headset 




participant’s mouth (Patel et al., 2018). Voice samples were recorded onto a 32 GB SD 
card to allow for off-line acoustic analysis. 
Voice Task 
 Voice samples were taken at baseline (e.g., prior to administration of any barium) 
and following each bolus administered during the VFSS. First, the participant read the 
CAPE-V stimulus sentence, “We eat eggs every Easter,” which contains several glottal 
onset vowels which could potentially illuminate deficits with vocal fold abduction and/or 
adduction (Kempster, Gerratt, Abbott, Barkneier-Kraemer, & Hillman, 2009). To parallel 
the multiple /i/ stimuli within the sentence, the participants then completed a sustained 
phonation of /i/ for approximately five seconds (as in the vowel sound in the word 
“beep”). Although most speech-language pathologists elicit a sustained /a/ when 
perceptually evaluating post-prandial voice changes, the sustained /i/ is a front vowel 
used most often during voice evaluations, and it is demonstrated to have a strong 
correlation to max F0 with less variance than the sustained /a/ (Rajappa et al., 2017). By 
collecting voice samples immediately after swallowing each bolus during VFSS, we 
eliminated the time lapse observed in other studies (Daniels et al., 1998; McCullough et 
al., 2001; Nishiwaki et al., 2005; McCullough et al., 2005; Festic et al., 2016), thereby 
helping to establish if a relationship exists between voice and swallowing. 
Videofluoroscopic Swallowing Study 
Since the VFSS were ordered for clinical purposes, the protocol of boluses trialed 
was varied to maintain patient safety. Possible trials included: 
• 5mL, 10 mL, a cup sip, and consecutive sips of Varibar Thin Liquid (EZ-




• 5 mL, 10mL, a cup sip, and consecutive sips of Varibar Nectar Liquid (EZ-
EM#D115, self-fed by cup); 
• 5mL, 10mL of Varibar Thin Honey Liquid (EZ-EM#D121, self-fed by cup), 
• 5 mL Varibar Pudding (EZ-EM#D125, self-fed by spoon); 
• complex solids, including peaches or a graham cracker coated with Varibar 
Pudding (EZ-EM#D125, self-fed); and  
• a mixed consistency, including peaches mixed with Varibar Thin Liquid (EZ-
EM#D105, self-fed by spoon).  
If the patient was deemed unsafe for a specific bolus because of prior failures, that bolus 
was not administered. Varibar Thin Honey was not part of the standard protocol but was 
only given if deemed clinically appropriate. Because multiple boluses were given to each 
patient, a participant could contribute anywhere between one to 20 voice samples for this 
study. To reduce sequence effects, if a participant demonstrated uncleared penetration 
and/or aspiration, the subsequent voice sample was not included in analysis. At the 
conclusion of the VFSS, the patient was educated on observations and diet 
recommendations as appropriate. 
Data Analysis 
Acoustic Voice Analysis 
 Voice files were deidentified using a unique code for each research participant. 
The deidentified files were transferred from the SD card to a password-protected, 
encrypted server via a Dell Inspiron 3000 series desktop computer. Each sample was 
analyzed acoustically and perceptually. Acoustic analysis was completed by a certified 




2008). Acoustic measurements of interest included mean fundamental frequency (mean 
F0), relative average perturbation (RAP), and noise-to-harmonic ratio (NHR). These 
measures were chosen as they have been established as relating to both dysphonia and 
dysphagia (Patel et al., 2018; Ryu et al., 2004; Valim, Santos, Filho, Abdulmassih, & 
Serrato, 2007). RAP, a measure of variability between pitches, has been shown to be a 
sensitive acoustic measure to penetration or aspiration (Kang et al., 2018; Ryu et al., 
2004). NHR is a standard measure of noise in the acoustic signal and correlates to 
dysphonia and aspiration risk (Kang et al., 2018; Patel et al., 2018).  
 Each voice sample was viewed in Praat. For the sustained vowel, measurements 
were taken from the first glottal pulse to the last (Figure 1). Since the sentence contained 
both voiced and voiceless sounds, three segments of /i/ (e.g., We eat eggs every Easter) 
were measured and averaged. For each segmented vowel, measurements were taken from 
the first glottal pulse to the last glottal pulse. In some instances, vowel sounds were 
difficult to segment due to insufficient acoustic boundary cues at the vowel-to-vowel 
juncture (e.g., “We eat”). When this occurred, only two voiced segments of /i/ (e.g., “We 
eat eggs every Easter”) were measured and averaged (Figure 2).  
Perceptual Voice Analysis 
 Perceptual voice analysis was completed by three raters blinded to patient 
demographics and bolus presentation. Each rater was a licensed and certified speech 
pathologist with at least three years of experience in dysphagia evaluation and treatment 
(range 3-27 years). As is typical of the medical speech pathologist, the raters’ daily 
caseloads consisted of approximately 90% dysphagia management (range 75%-99%). All 




decision-making process when recommending diets or the need for instrumental 
assessment. As the raters’ primary clinical backgrounds are in swallowing evaluation and 
rehabilitation, raters were not required to have specialized training in voice disorders; 
however, as clinical generalists, the raters had intermittent experience treating patients 
with dysphonia. Prior to the rating session, each rater passed a hearing screening (1000, 
2000, and 4000Hz at 25 and 40dB). 
To improve interrater reliability, listener training occurred prior to the rating the 
voice samples. During training, the operational definition of each voice attribute from the 
CAPE-V (e.g., roughness, breathiness, strain, pitch, and wetness) was reviewed. Raters 
were also asked to categorize dysphonia as mild if only identifiable by a trained listener, 
as moderate if identifiable by a trained listener and likely an untrained listener, and 
severe as identifiable by both trained and untrained listeners (Awan, 2001). Next, the 
raters heard a sample of each voice attribute (e.g., Roughness, Breathiness, etc.) and 
practiced informally labeling the sample as mild, moderate, or severe. Without 
discussion, there was 100% agreement between raters across voice samples on level of 
impairment. Perceptual characteristics were informally discussed as part of the training. 
Upon completion of the training, the raters individually rated each voice sample from the 
study. Ten percent of samples were repeated to calculate intrarater reliability. 
Following listener training as described above, the raters used the CAPE-V to 
judge the perceptual vocal quality of each voice sample. The CAPE-V is a visual analog 
scale developed by the American Speech-Language Hearing Association’s (ASHA) 
Voice and Voice Disorders Special Interest Group (ASHA, 2003). It is a clinical tool 




roughness, breathiness, strain, pitch, and loudness. The rater places a tick mark along a 
100 mm line to indicate the gradation of severity for each voice attribute. By measuring 
the location of the tick mark along the line, the rating for each variable can be converted 
into a score ranging from 0-100 with higher scores indicating severe impairment. By 
using CAPE-V continuous scores instead of binary scales, this project better addresses 
the variability in voicing for dysphagic patients, possibly enhancing its sensitivity.  
Voice samples were broadcast from an iHome Bluetooth speaker placed 3 feet 
from each rater at a moderate volume level (average 71dB). The distance from the 
speaker was calculated to represent a typical distance from a patient; headphones were 
not used since they are not used clinically. Samples were presented in random order and 
included representative voice sample types, bolus types, and swallowing function.  
First, raters heard all baseline voice samples (e.g., sentence and sustained vowel) 
for each participant randomly presented; each sample was rated for voice quality using 
the CAPE-V. Rating the baseline voice samples first allowed the rater to anchor her 
rating to the post-swallow voice sample (see below). There was a total of 78 baseline 
voice samples from 39 different participants; however, 10% were repeated to allow for 
calculation of intrarater reliability, so raters heard a total of 85 voice samples. It took 
approximately one hour to complete this first step. Following this, the raters took a break 
to reduce the possibility of listener fatigue.  
Next, the raters heard all post-swallow voice samples. These were randomly 
presented and included both sentences and sustained vowels. To allow the rater to anchor 
her judgement of the post-swallow voice sample, the corresponding baseline voice 




of the baseline voice sample as a reference. Next, she rated the post-swallow voice 
sample. There was a total of 172 post-swallow voice samples from 39 different 
participants; however, 10% were repeated to allow for calculation of intrarater reliability, 
so raters heard a total of 189 voice samples. It took approximately 2.5 hours to complete 
this step; halfway through the samples, the raters were given a break to reduce the 
possibility of listener fatigue.   
Swallowing Analysis 
VFSS videos were deidentified using a unique code for each research participant 
and uploaded to the password-protected server for the laboratory via a Dell Inspiron 3000 
series desktop computer. VFSS videos were opened in ImageJ and QuickTime and 
assessed for penetration/aspiration and pharyngeal residue.  
QuickTime was used to assess for penetration/aspiration; initially, each swallow 
was evaluated for airway invasion using the PAS (Rosenbek et al., 1996). As previously 
demonstrated, the PAS only attempts to describe the depth of airway invasion and the 
physiological response, or ejection, to the event but does not necessarily imply a 
functional representation of swallowing (MuCullough & Rosenbek, 1998; Steele & 
Grace-Martin, 2017). As such, the PAS categories were reorganized to represent ordinal 
categories of swallowing impairment (rPAS; Steele & Grace-Martin, 2017; Table 3). This 
reorganization was hierarchically designed so that a rating of “A” represented normal 
swallowing, that is no airway invasion or transient penetration (e.g., PAS 1, 2, 4), “B” 
represented penetration that did not clear from the laryngeal vestibule (e.g., PAS 3), and 
“C” represented either penetration to the level of the vocal folds which did not clear or 




congruent with many sources finding that a PAS score of 6 is rare (Martin-Harris et al., 
2008; Steele & Grace-Martin, 2017; Troche, Brandimore, Okun, Davenport, & Hegland, 
2014). 
This reorganization of the PAS seeks to classify depth of airway invasion as a 
predictive factor of voice change. If material touches or passes through the vocal folds 
and is not ejected, there could be a resultant acoustic change to vocal fold vibration 
(Malandraki et al., 2011; Rajappa et al., 2017; Ryu et al., 2004). Given the physiological 
impact of these ordinal representations of the PAS, it would be expected that a participant 
with normal swallowing (rPAS A) would not have an immediate post-swallow change to 
vocal quality. A participant with mild airway invasion (e.g., rPAS B) may have changes 
to vocal quality, but participants with deep and lasting airway invasion (e.g., rPAS C) 
would be most likely to exhibit changes to vocal quality.   
Pharyngeal residue was calculated using the Normalized Residue Ratio Scale 
(NRRS; Pearson, Molfenter, Smith, & Steele, 2013). As a continuous measurement scale, 
it allows for greater explanation of the variability of pharyngeal residue as compared to 
the binary or nominal scales previously used to characterize residue (Daniels et al., 1998; 
Groves-Wright et al., 2010; Malandraki et al., 2011; Nishiwaki et al., 2005; Rajappa et 
al., 2017; Waito et al., 2011; Warms & Richards, 2000). The NRRS is calculated by 
finding the ratio of pharyngeal residue relative to the pharyngeal space proportionate to 
the size of the individual.  
ImageJ was used to quantify the amount of bolus residue in the valleculae and 
pyriform sinuses using the NRRS (Pearson et al., 2013). As highlighted in Figure 3, a 




of C4. The ratio measurements are calculated separately for the valleculae and pyriform 
sinuses by first outlining the remaining residue. The valleculae is operationally defined as 
the space between the base of tongue and epiglottis. The pyriform sinus is operationally 
defined as the space from the tip of the arytenoid shadow to the posterior pharyngeal 
wall, perpendicular to the vertebral axis. Next, the area constituting the space of interest 
(e.g., valleculae or pyriform sinus) is outlined. A residue ratio score is derived by 
measuring residue in relation to its spatial housing and to the size of the person. See 
Pearson et al. (2013) for further explanation on the development of the NRRS.  
Statistical Analysis 
 A Pearson correlation was used to assess the relationship between perceptual and 
acoustic analyses of the voice samples. Correlation coefficients between 0.1-0.3 were 
considered to demonstrate a poor relationship, between 0.3-0.5 were considered a 
moderate relationship, and coefficients greater than 0.5 were considered to demonstrate a 
large relationship (Cohen, 1988). An ordinal logistic regression was used to assess (a) the 
relationship between baseline perceptual voice quality (e.g., baseline CAPE-V Overall 
Severity score) and swallow function (e.g., rPAS scores), and (b) the relationship 
between voice change after swallowing (e.g., CAPE-V Overall Severity change score) 
and swallow function (e.g., rPAS scores). The change score was used instead of a 
pre/post comparison as the clinically-driven research questions aim to measure post-
swallow change to vocal quality. To assess for the relationship between the perceptual 
analysis of the voice samples (e.g., CAPE-V Overall Severity score) and pharyngeal 




conducted in SPSS (Version 22, Armonk, NY, USA). An alpha level of 0.05 was 
considered statistically significant. 
Results 
Voice Sample Characteristics 
 From the 39 participants, there were a total of 172 post-swallow voice samples, 
88 (51%) of which were sentence-level and 84 (49%) of which were the sustained vowel 
/i/. Sixty-three percent of the samples came from outpatients. Neurological impairment 
was the largest diagnostic category and contributed 51% of the post-swallow voice 
samples. Aggregate voice sample information is presented in Table 4. 
Swallowing Sample Characteristics 
 A majority of the swallowing samples were from liquid boluses with thin liquids 
constituting 60% of the samples. All categories of swallowing impairment were 
represented with a total of 41 samples in rPAS A (24%), 66 samples in rPAS B (38%) 
and 65 samples in rPAS C (38%). Aggregate swallowing sample characteristics are 
presented in Table 5. 
Reliability 
Interrater 
 Intraclass correlation coefficients (ICC; two-way random for consistency) were 
calculated separately for the change score of each perceptual vocal quality on the CAPE-
V to assess the level of agreement between the raters and appear in Table 5. Most ratings 
fall within the moderate range with Overall Severity demonstrating good interrater 
reliability (Koo & Li, 2016). These results demonstrate improved interrater reliability 




Zraick et al., 2011). Further analysis of interrater reliability by task (e.g., sentence vs. 
sustained vowel) indicated no significant trends across raters. 
Intrarater 
 As ten percent of voice samples were repeated during the perceptual rating 
session, ICC (two-way random for absolute agreement) were calculated separately for 
each perceptual vocal quality on the CAPE-V to assess the level of agreement within 
each rater. Results appear in Table 6 and overall indicate good intrarater reliability. 
Further analysis of intrarater reliability by task (e.g., sentence vs. sustained vowel) 
indicated that Rater 1 was most reliable during the sustained vowel task while Rater 3 
was most reliable during the sentence task. Rater 2 demonstrated no differences based on 
task. 
Acoustic and Perceptual Correlation 
 A Pearson’s correlation analysis assessed if a change in acoustic measurement 
after swallowing correlated to a change in perceptual ratings of voice samples after 
swallowing. As stated above, change scores were used instead of pre/post comparisons 
given the clinically-driven research questions assessing the relationship of voice change 
after swallowing to dysphagia. Task analysis was completed by type (e.g., sustained 
vowel, sentence). Results from the sustained vowel are presented in Table 9 and indicate 
moderate, positive correlations between changes in relative average perturbation (RAP) 
and Overall Severity (r=0.36) and Breathiness (r=0.38) on the CAPE-V. That is, when 
there was a greater change in RAP during a sustained vowel, the raters identified a 




Table 10 presents results from the Pearson’s correlation analysis on the sentence. 
Results indicate a moderate, positive correlation between changes RAP and Roughness 
(r=0.42), as well as moderate, positive correlations between changes in noise-to-
harmonic ratio (NHR) and changes in Roughness (r=0.32) and Breathiness (r=0.31). That 
is, during a sentence, when there were greater changes in RAP and NHR, the raters 
identified a greater change in Roughness and Breathiness. However, these trends may be 
driven by some outliers (Figure 5). 
Baseline Voice Quality 
 A cumulative odds ordinal logistic regression with proportional odds was run to 
determine the effects of baseline perceptual judgement of voice on airway invasion. The 
assumption of proportional odds was met, as assessed by a full likelihood ratio test 
comparing the fit of the proportional odds model to a model with varying location 
parameters, c2(1)=0.22, p=0.64. The Pearson goodness-of-fit test indicated that the model 
was a good fit to the observed data, c2(95)=108.54, p=0.16, but most cells were sparse 
with zero frequencies in 41.5% of cells. However, the final model significantly predicted 
the dependent variable over and above the intercept-only model, c2(1)=17.17, p<0.001. 
Higher Overall Severity CAPE-V scores were associated with a more severe swallowing 
function, with an odds ratio of 1.03, 95% CI [1.01-1.04], Wald c2(1)=15.97, p<0.001. 
A multiple regression was run to understand the effect of baseline dysphonia on 
pharyngeal residue. There was linearity as assessed by partial regression plots and a plot 
of studentized residuals against the predicted values. There was homoscedasticity as 
assessed by visual inspection of a plot of studentized residuals versus unstandardized 




values greater than 0.1. There were no studentized deleted residuals greater than +/-3 
standard deviations, no leverage values greater than 0.2, and values for Cook’s distance 
above 1. The assumption of normality was met, as assessed by a Q-Q Plot. The multiple 
regression model statistically significantly predicted pharyngeal residue from baseline 
dysphonia, F(2,165)=5.02, p=0.008, adj. R2=0.06. Only residue in the pyriform sinuses as 
measured by the Normalized Residue Ratio Scale (NRRSps) added significantly to the 
prediction, p=0.03. Regression coefficients and standard errors can be found in Table 7. 
Voice Change After Swallowing 
A cumulative odds ordinal logistic regression with proportional odds was run to 
determine the effects of post-swallow change in perceptual judgement of voice on airway 
invasion. The assumption of proportional odds was met, as assessed by a full likelihood 
ratio test comparing the fit of the proportional odds model to a model with varying 
location parameters, c2(1)=0.33, p=0.55. The Pearson goodness-of-fit test indicated that 
the model was a good fit to the observed data, c2(189)=190.77, p=0.45, but most cells 
were sparse with zero frequencies in 53.1% of cells. The final model did not significantly 
predict the dependent variable over and above the intercept-only model, c2(1)=1.49, 
p=0.22. There was not a significant relationship between voice change after swallowing 
as measured by Overall Severity on the CAPE-V and worsened swallowing function, 
with an odds ratio of 1.02, 95% CI [0.99-1.04], Wald c2(1)=1.44, p=0.23. 
A multiple regression was run to understand the effect of post-swallow voice 
quality changes on pharyngeal residue. There was linearity as assessed by partial 
regression plots and a plot of studentized residuals against the predicted values. There 




was homoscedasticity as assessed by visual inspection of a plot of studentized residuals 
versus unstandardized predicted values. There was no evidence of multicollinearity as 
assessed by tolerance values greater than 0.1. There were no studentized deleted residuals 
greater than +/-3 standard deviations, no leverage values greater than 0.2, and values for 
Cook’s distance above 1. The assumption of normality was met, as assessed by a Q-Q 
Plot. The multiple regression model did not predict pharyngeal residue based on voice 
change after swallowing, F(2,165)=0.35, p=0.70, adj. R2=-0.01. Neither residue in the 
valleculae or pyriform sinuses as measured by the Normalized Residue Ratio Scale 
(NRRSv and NRRSps) added significantly to the prediction. Regression coefficients and 
standard errors can be found in Table 8.  
Discussion 
 Many speech-language pathologists continue to evaluate voice quality during a 
CSE as a possible indicator of dysphagia. The present study aimed to determine if 
speech-language pathologists perceptually detect voice change when there is acoustic 
change, if baseline dysphonia correlates to oropharyngeal dysphagia, and if voice change 
after swallowing correlates to dysphagia. Dysphagia was defined as airway invasion on a 
recategorized Penetration-Aspiration Scale (rPAS) and/or pharyngeal residue calculated 
on the Normalized Residue Ratio Scale (NRRS). As suggested by Steele & Grace-Martin 
(2017), reorganizing the PAS (Rosenbek et al., 1996) seeks to categorize functional 
swallow impairment rather than just depth of airway invasion. Our hierarchical 
reorganization attempted to capture functional impairment of swallowing as it may relate 
to voicing parameters. We also aimed to improve previous estimates of interrater 




 Results indicated that changes in the “noise” of the acoustic signal (e.g., RAP, 
NHR) correlated to speech-language pathologists’ perceived changes in Overall Severity, 
Roughness, and Breathiness on the CAPE-V. As the research questions sought to define 
voice change after swallowing, a change score was used for the analysis; this prevents us 
from commenting on the direction of change identified acoustically and perceptually. 
Future research may consider using a pre/post analysis instead of a change score to 
capture the direction of change in these acoustic and perceptual features of voicing. 
 Results also indicated that perceptually-identified baseline dysphonia was 
predictive of increased likelihood of airway invasion on VFSS as well as increased 
residue in the pyriform sinuses. This suggests that patients who have vocal pathology 
may also exhibit impaired laryngeal vestibule closure and/or pharyngeal clearance, 
potentially due to vagus nerve damage. Damage to the central nervous system and/or 
along the recurrent laryngeal nerve may impair vocal quality and reduce glottal closure 
whereas similar damages to the superior laryngeal nerve may result in impaired 
innervation of the inferior pharyngeal constrictor and reduced pharyngeal clearance, 
resulting in pyriform sinus residue. As a result of damage affecting the vagus nerve, voice 
quality, airway protection, and/or pharyngeal constriction may be impaired. Therefore, 
speech-language pathologists should be attentive to dysphonia as a clinical indicator of 
dysphagia. Although other researchers have demonstrated that dysphonia may be a 
sensitive and specific measure of dysphagia (Daniels et al., 1999; McCullough et al., 
2005; Nishiwaki et al., 2005), to our knowledge, this is the first study demonstrating a 




 However, perceptual voice change after swallowing was not associated with 
increased likelihood of airway invasion or pharyngeal residue. Despite raters’ identifying 
changes in the Overall Severity of vocal quality after swallowing, these changes were not 
predictive of penetration, aspiration, or pharyngeal residue. Although we sought to 
address methodological gaps from previous literature, our results parallel other findings 
regarding the ineffectiveness of voice change after swallowing as a clinical indicator of 
dysphagia (Groves-Wright, 2010; Waito et al, 2011; Warms & Richards, 2000). This 
strengthens the body of literature that cautions speech-language pathologists against 
attributing voice change alone after swallowing to dysphagia. Future research should 
continue to explore which clinical indicators may be indicative of dysphagia. It is likely 
that a combination of variables are most effective, and potentially voice change could be 
meaningful only when paired with other clinical symptoms of dysphagia.  
Finally, rater training was found to be effective at improving interrater reliability 
measures. Our brief training provided the raters with operational definitions of the 
CAPE-V voice characteristics and general categorical definitions of mild, moderate, and 
severe ratings. This was followed by practice labeling example voice samples and 
discussion as needed. Although one study found raters required eight hours of listener 
training to meet the criterion of 80% interrater reliability (Bassich & Ludlow, 1986), 
providing a 10-minute listener training resulted in improved interrater reliability 
compared to previous research (Groves-Wright et al., 2010; Warms & Richards, 2000; 
Zraick et al., 2011) despite our raters coming from different educational institutions and 
healthcare networks. This is a promising indication that calibrating raters to voice 




Limitations & Future Directions 
  There are some limitations to the current study. First, in the group of participants 
with aspiration (e.g., rPAS C), a greater number of voice samples were derived from 
patients who aspirated silently (e.g., PAS 8, n=26) compared to patients with aspiration 
with response (e.g., PAS 7, n=10). This variation was likely related to the fact that 
patients who demonstrate overt symptoms of aspiration at bedside, such as a cough 
response, are less likely to be referred for VFSS if their dysphagia can be managed 
clinically. Although an instrumental exam is the only way to comment on the physiology 
of the swallow, some speech-language pathologists must rely on clinical exams due to a 
patient’s inability to tolerate an instrumental exam, reduced access to instrumentals, etc. 
However, there is clearly a physiological difference between patients with reduced 
sensation resulting in silent aspiration and those with intact sensation. It is possible that 
future studies that sort out these two groups will see a difference in post-swallow vocal 
quality. This is supported by recent findings indicating that patients with a lower max F0 
are more likely to have silent aspiration on a small bolus (Rajappa et al., 2017).  
In addition, recent publications have indicated that pitch elevation task may be a 
more telling task for voice assessment than a sustained vowel as the muscles responsible 
for vocal fold elongation during pitch elevation and vocal fold closure during swallowing 
are the same (Malandraki et al., 2011; Rajappa et al., 2017). Potentially then the sustained 
vowel used in this study was not a sensitive enough stimulus. Since a sustained vowel 
remains more used during a clinical dysphagia evaluation, future research comparing the 




 Finally, although all attempts were made to parallel conditions of a naturalistic 
clinical evaluation, clinical and visual information about the patient was removed from 
the raters to maintain blindedness. In addition, since the recordings took place in clinical 
settings, not all ambient noise could be controlled. These factors may have affected the 
listener’s ratings of the voice samples. 
Conclusions 
Results from this study indicate that a 10-minute listener training was effective at 
improving interrater reliability results compared to trends in the literature. In addition, 
changes in the “noise” of the acoustic signal (e.g., RAP, NHR) correlated to speech-
language pathologists’ perceived changes in Overall Severity, Roughness, and 
Breathiness on the CAPE-V. Although baseline dysphonia predicted penetration, 
aspiration, and/or post-swallow residue in the pyriform sinuses, voice change after 
swallowing did not predict airway invasion or pharyngeal residue. Based on these results, 
speech-language pathologists should be attentive to dysphonia as a clinical indicator of 
swallowing impairment but should exercise caution when attributing voice changes after 







         
Sensitivity (%) and Specificity (%) of CSE 
     
  




McCullough et al. 
(2005) 
Nishiwaki et al. 
(2005) 
Hassan et al. 
(2014) 
Task SENS SPEC SENS SPEC SENS SPEC SENS SPEC SENS SPEC 
Mental status 
  
42.0 76.0 46.0 59.0 
    
Oral motor function 
  
54.0 78.0 64.0 48.0 72.0 47.0 
  
Gag reflex 61.9 82.4 33.0 81.0 56.0 51.0 88.0 36.0 50.4 57.8 
Secretions 
  
35.0 85.0 23.0 94.0 
    
Volitional cough 47.6 94.1 57.0 61.0 26.0 89.0 
    
Cough with PO 57.1 85.3 78.0 58.0 44.0 82.0 72.0 67.0 74.3 70.0 
Dysarthria 76.2 52.9 63.0 72.0 78.0 46.0 78.0 44.0 
  
Dysphonia 76.2 67.6 
  
54.0 86.0 83.0 40.0 
  
Voice Change 38.1 85.3 41.0 76.0 63.0 64.0 72.0 67.0 80.3 73.3 








Variable N % 
Sex 
  
Male 21 54 
Female 18 46 
Age (years and months) Mean (SD): 74.79 (10.65) 
 
Range: 49-97 
   
Status   
Inpatient   
    Acute care 6 15 
    Rehabilitation 6 15 
Outpatient 27 69 
   
Primary Diagnosis 
  
Pulmonary 9 23 
Esophageal 8 21 
Neurology 19 49 







Proposed Reorganization of Penetration-Aspiration Scale  
rPAS Original PAS 
A 1 Material does not enter the airway 
A 2 Material enters the airway, remains above the vocal folds, and is ejected from the airway 
B 3 Material enters the airway, remains above the vocal folds, and is not ejected from the airway 
A 4 Material enters the airway, contacts the vocal folds, and is ejected from the airway 
C 5 Material enters the airway, contacts the vocal folds, and is not ejected from the airway 
B 6 Material enters the airway, passes below the vocal folds, and is ejected into the larynx or out of 
the airway 
C 7 Material enters the airway, passes below the vocal s folds, and is not ejected from the trachea 
despite effort 
C 8 Material enters the airway, passes below the vocal folds, and no effort is made to eject 








Post-Swallow Voice Sample Characteristics 
Variable N % 
Sample Type 
  
Sentence 88 51 
Sustained vowel 84 49 
   
Status   
Inpatient   
    Acute care 37 22 
    Rehabilitation 26 15 
Outpatient 109 63 
   
Medical Diagnosis   
Pulmonary 47 27 
Esophageal 14 8 
Neurology 100 58 







Swallow Sample Characteristics 
Variable N % 
Bolus Type   
Small thin liquid (5mL, 10mL) 37 22 
Small thick liquid (5mL, 10mL NTL/HTL) 27 16 
Sip thin liquid 40 23 
Consecutive sips thin liquid 26 15 
Consecutive sips NTL 2 1 
Single bite of puree 16 9 
Complex solids (peaches, cracker) 7 4 
Mixed consistency 8 5 
   
Swallow Classification (rPAS)   
rPAS A (PAS = 1, 2, 4) 41 24 
rPAS B (PAS = 3) 66 38 
rPAS C (PAS = 5, 7, 8) 65 38 








Interrater Reliability  
Variable ICC Rating 95% CI 
Overall Severity 0.82 good (0.78-0.86) 
Roughness 0.55 moderate (0.45-0.64) 
Breathiness 0.72 moderate (0.66-0.78) 
Strain 0.66 moderate (0.58-0.73) 
Pitch 0.62 moderate (0.53-0.69) 
Wetness 0.57 moderate (0.47-0.65) 













       
Intrarater Reliability 
       
  Rater 1  Rater 2  Rater 3  
Variable ICC 95% CI Rating ICC 95% CI Rating ICC 95% CI Rating 
Overall  0.89 (0.47-0.97) good 0.74 (0.48-0.88) moderate 0.93 (0.85-0.97) excellent 
Roughness 0.87 (0.65-0.95) good 0.63 (0.32-0.82) moderate 0.82 (0.62-0.92) good 
Breathiness 0.86 (0.70-0.94) good 0.61 (0.22-0.82) moderate 0.99 (0.99-1.00) excellent 
Strain 0.76 (0.53-0.89) good 0.76 (0.42-0.90) good 0.70 (0.43-0.86) moderate 
Pitch 0.92 (0.83-0.97) excellent 0.41 (0.03-0.69) poor 0.76 (0.52-0.89) good 
Wetness 0.61 (0.26-0.81) moderate 0.67 (0.37-0.84) moderate 0.64 (0.34-0.83) moderate 






         
Pearson Intercorrelations Between Acoustic and Perceptual Change Scores for Sustained Vowel 
  F0 RAP NHR Overall Roughness Breathiness Strain Pitch Wetness 
1. F0 
         
2. RAP  -0.01 
        
3. NHR  0.01 0.81** 
       
4. Overall -0.44** 0.36** 0.23* 
      
5. Roughness -0.40** 0.14 0.12 0.74** 
     
6. Breathiness -0.31** 0.38** 0.16 0.64** 0.51** 
    
7. Strain -0.25* -0.18 0.08 0.64** 0.36** 0.51** 
   
8. Pitch -0.08 0.18 0.27* 0.26* 0.20 0.10 0.00 
  
9. Wetness -0.11 0.28* 0.30** 0.29** 0.32** 0.23* -0.05 0.12 
 
  F0 = fundamental frequency; RAP = relative average perturbation; NHR = noise-to-harmonic ratio 
  **. Correlation is significant at the 0.01 level (2-tailed). 






         
Pearson Intercorrelations Between Acoustic and Perceptual Change Scores for Sentence 
  F0 RAP NHR Overall Roughness Breathiness Strain Pitch Wetness 
1. F0 
         
2. RAP  0.09 
        
3. NHR  -0.15 0.48** 
       
4. Overall -0.01 0.13 0.19 
      
5. Roughness -0.23* 0.42** 0.32** 0.54** 
     
6. Breathiness 0.07 0.16 0.31** 0.49** 0.39** 
    
7. Strain 0.15 -0.30** -0.13 0.34** -0.26* -0.03 
   
8. Pitch 0.20 0.02 0.06 0.20 0.20 0.39** 0.23* 
  
9. Wetness -0.16 0.09 0.04 0.58** 0.46** 0.09 0.18 0.04 
 
  F0 = fundamental frequency; RAP = relative average perturbation; NHR = noise-to-harmonic ratio 
  **. Correlation is significant at the 0.01 level (2-tailed). 






   
Summary of Multiple Regression Analysis – Baseline Dysphonia 
 Variable B SEB b 
Intercept 52.03 2.10 
 
NRRSv 1.30 8.34 0.02 
NRRSps -16.31 7.39 -0.25* 
  * p < 0.05; B = unstandardized regression coefficient; SEB = Standard error of the coefficient;  







   
Summary of Multiple Regression Analysis – Voice Change 
 Variable B SEB b 
Intercept 3.73 0.99 
 
NRRSv 2.67 3.92 0.08 
NRRSps -2.91 3.47 -0.10 
  * p < 0.05; B = unstandardized regression coefficient; SEB = Standard error of the coefficient;  







Figure 1. Example of analyzed segment of sustained vowel 
Figure 2. Example of segmentation of sentence with blended adjoining sounds 
Figure 3. Example of outlined pharyngeal residue space used to calculate Normalized 
Residue Ratio Scale 
Figure 4. Scatterplots indicating linear relationship between changes in RAP and changes 
in (a) CAPE-V Overall Severity change score, and (b) CAPE-V Breathiness change score 
during a sustained vowel 
Figure 5. Scatterplots indicating linear relationship between changes in RAP and changes 
in (a) CAPE-V Roughness change score, and between changes in NHR and changes in 
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